Abstract
Introduction
Extreme weather events are becoming increasingly common because of the climate change derived from global warming. In the 21st Conference of the Parties (COP 21) of the UN Framework Convention on Climate Change (UNFCCC) held in November 2015, the United Nations Office for Disaster Risk Reduction (UNISDR) announced that the annual average number of weather disasters (e.g., floods, droughts, and typhoons) observed between 1985 and 2015 was 335, showing nearly twice the number for the period of [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] . They also noted that the number of deaths from weather disasters around the world for the last two decades was almost 600,000, and the economic damage was close to 1.9 trillion dollars [1] . Accordingly, meteorological data has emerged as an important factor that affects the national economy and security, and people's lives, and the systemic use of meteorological data has become important in modern society. As the smartphone has freed people from the constraints of time and space, they are demanding more accurate, detailed, and tailored methods of delivering meteorological information than the conventional one-way methods.
Since meteorological/environmental data target broad areas, real time monitoring is an important feature of the data; interpretation requires effective visualization and expression methods. Recent advances in IT allow information to be expressed using various media, and enables dynamic expression with interactive features, as well as oneway information delivery. In this context, Virtual Globes is a new visualization platform for environmental science, designed to facilitate expressing and sharing 3D spatial information based on satellite/aerial images over the internet [2] [3] [4] [5] [6] [7] . The study investigates realistic animated visualization of actual data on Asian Dust and typhoons, frequently observed in Korea, using Google Earth, controlled through Virtual Globes software. The study presents a new potential for visualization of temporal and spatial meteorological/environmental data on Virtual Globes. This paper is organized as follows. Section 2 describes the analytical and processing techniques used with the meteorological data of choice in this study: estimates from the Asian Dust numerical model and satellite data on a typhoon. Section 3 introduces Google Earth as a visualization platform for the meteorological phenomena selected in this study and describes keyhole markup language (KML), a file format for storing and expressing spatial data on Google Earth. Section 4 describes the process and the results of designing and implementing the method for encoding the estimates from the Asian Dust numerical model and the satellite data into the KML file to create a realistic animation of Asian Dust and typhoon data on Google Earth. Finally, in Section 5 we present our conclusions and discuss directions for future work.
Processing Meteorological Data for Visualization

Asian Dust
Asian Dust refers to the tiny particles of sand that fly from the desert and loess in China and Mongolia to the Korean sky in the spring [8] . Due to the desertification of the midland in China in recent years, the frequency and the concentration of Asian Dust in Korea has been on the rise since 2000 [9] . Asian Dust causes diseases such as bronchitis, asthma, and irritant conjunctivitis and results in great losses in areas such as agriculture, industry, and traffic. Accordingly, the Korean Meteorological Administration (KMA) has been developing a network for precise observations and a system for accurate forecasts. In particular, it has been developing the Asian Dust Aerosol Model (ADAM), a model for predicting the concentration of Asian Dust using numerical models for use in supercomputers. ADAM consists of modules on dust emissions at the origin, dust transportation and dispersion, and sedimentation. To forecast Asian Dust, the model considers the effects of vegetation at the origin in reducing Asian Dust emissions and the threshold values with regard to variable wind speeds, relative humidity, and soil freezing status [10] .
As data for this study, we obtained the 60-hour predictions for Asian Dust estimated by ADAM from the KMA. The forecast area consisted of 150×120 grids of 30×30 km around 126°E, 38°N, which were divided into 25 isobaric surfaces (sigma) vertically. The dataset comprised of data for 450,000 3 dimensional (3D) grids, with an average concentration predicted for 11 classifications of dust particle diameter for each grid [10] .
The Asian Dust forecast data was in Network Common Data Format (NetCDF) [11] . NetCDF is a file format and a set of libraries designed for generating, accessing, and sharing array-based data, and it was developed by the University Corporation for Atmospheric Research (UCAR) [12] . NetCDF mainly consists of a part pertaining to headers and a part pertaining to data. The header part contains all the information about the dimensions, attributes, and variables of the data. The data part consists of fixed-size data, and it contains the variable-based data and the data records. NetCDF is also both the abstracted form of data for accessing array-based data and a software library for specific implementation of the interface that supports the abstraction. NetCDF data can generally be accessed through a library encoded with the C or FORTRAN interface, although C++ and Perl interfaces are also available [11] .
Typhoon
In the Earth's atmosphere, as the equator region gets more solar heat than the polar regions, the warm air in the tropical region combined with the water vapors from the sea moves to the regions with higher latitudes, carrying strong winds and heavy rain to correct the thermal imbalance [8] . Various names are used to refer to this phenomenon: typhoon in the northwest pacific regions, hurricane in North America, and cyclone in the regions around the Indian Ocean. In Korea and Japan, a tropical cyclone with a maximum wind speed of 17.2 m/s or higher is generally classified as a typhoon. Typhoon observation is conducted through airplanes, radar, and meteorological satellites. In Korea, meteorological phenomena are monitored using the Communication, Ocean, and Meteorological Satellite (COMS). The COMS collects data on various meteorological components using five high-resolution channels, as shown in Table 1 [13]. This study used the infrared channel 1 (10.8 μm) for cloud detection and cloud altitude estimation, and the visible channel (0.67 μm) for albedo estimation. Cloud data gathering, sea surface temperature estimation, and observation of Asian Dust
In this study, Typhoon visualization was conducted using images from the COMS obtained by the National Meteorological Satellite Center, for the time and region determined from the typhoon information for Muifa (9th typhoon in 2011), provided by the Japan Meteorological Agency [14] .
COMS images are in HDF5 [15], a scientific data format developed by National Center for Supercomputing Applications (NCSA) [16] . HDF is designed for storing and sharing large amounts of scientific data in the distributed environment, and it is currently studied as part of the ongoing research by HDF Group [15], a nonprofit organization. HDF refers to not only a file format but also various mutually accessible layers. The bottom layer is the physical file that stores the data, and the top layer is a set of applications provided to analyze, manipulate, and show the data listed in the HDF file. The middle layer contains the software library that provides the programming interface.
Figure 1. Typical Virtual Globes Softwares
Among them, Google Earth provided by Google is the most commonly used free software worldwide that provides data for regions around the world on satellite imagebased topography [17] . It is so popular that it has been downloaded billions of times since its first distribution in June 2005. On May 28, 2008, Google unveiled the web plug-in and JavaScript application programming interface (API) of Google Earth, which allowed users to insert 3D Earth on the webpage with just a few lines of code as well as perform a wide range of manipulations on it, unlike its PC version. However, on December 12, 2015, Google announced its plan to stop providing the API of Google Earth for security reasons and instead offered the professional version free in 2015.
KML
Google Earth can store and express geographic information in a tag-based file format called keyhole markup language (KML) that complies with XML standards [18] . This is a description method that utilizes overlays and attributes, and allows users to display and share their information on Google Earth. The KML format was unique to Google Earth, but in April 2008, it was adopted as a global standard by the Open Geospatial Consortium (OGC), which then took over maintaining, managing, and expanding KML. Version 2.2 is currently available. Figure 2 shows a diagram containing all the objects that can be expressed in KML. The objects with the "gx:" prefix are the objects specialized for Google Earth. Geographic data can be displayed simply using the tags with the names and attributes that fit the purpose of the screen display. Google Earth allows a variety of KML-based manipulations, such as marking a location on the ground by designating an icon and a label, designating the observation location (camera) for a ground object, and overlaying a new image on a ground surface or a screen [18] . 
Design and Implementation of Meteorological Phenomena
Visualization Method
Design of Visualization Method
The objective of this study is to publish a realistic animation of the input observation or data on a meteorological phenomenon on a 3D space of Virtual Globes software, Google Earth. To this end, we employed a simple method of creating tiny particle images and distributing the images on the space to fit the concentration data. Figure 3 shows the flow of the visualization processing of the meteorological phenomenon that we designed. First, we divided the target area for visualization into 3D grids and calculated the concentration values for the meteorological elements for each grid. Accessing the meteorological data may require the library that fits the data type. Then, the <Placemark> statement for generating a particle image in a specific location according to the calculated concentration was coded repeatedly, as shown in Table 2 (b). Since the identical particle images were used countless times, the <Style> statement shown in Table 2 was designed and linked first. The temporal data on the meteorological data was represented in the animated visualization using the <TimeSpan> statement in the <Placemark> statement. The following section describes the implementation of the visualization method by applying it to Asian Dust and typhoons, which commonly occur in Korea. We obtained the actual Asian Dust data and satellite observations for the period of the typhoon and used them for KML encoding for visualization.
Implementation of Asian Dust Visualization Method
Asian Dust is a type of dust haze that is generated when a large amount of loess dust blown up in the loess area in a continent floats on the air and slowly descends. We designed a particle image of Asian Dust, as shown in Figure 4 . It is in the PNG format to allow the transparency to be adjusted on Google Earth, in the size of 128×128px. Table 3 shows the <Style> statement for adjusting the scale and transparency of the image to express the size and transparency of the particle.
Figure 4. Particle Image for Asian Dust
We obtained the ADAM data from the KMA covering 60 hours on May 25-28, 2008, when strong Asian Dust was observed in Korea. The forecast area consisted of 150×120 grids of 30×30 km around 126°E, 38°N, which were divided into 25 isobaric surfaces (sigma) vertically. The dataset comprised of data for 450,000 3 dimensional (3D) grids, with an average concentration predicted for 11 classifications of dust particle diameter for each grid. The file was in the NetCDF, and approximately 1.2GByte in size. We calculated the PM 10 concentration 1 for each of 450,000 grids using the NetCDF C API, for seven ranges of particle diameters, and placed the particle images on grids according to their concentrations, as shown in Table 3 , using the repeated <Placemark> statements. The altitudes for the particle images were exaggerated to maximize the visual effect. The complete KML file for visualization of the 60 hours of Asian Dust included 91,686 <Placemark> statements and was 26.8Mbyte in size. 
Implementation of Typhoon Visualization
A typhoon is a tropical cyclone that mostly occurs in the western Pacific near the equator, and it is defined as a tropical cyclone with maximum instantaneous wind speeds of 17 m/s or higher in Korea and Japan. When a typhoon develops, an enormous amount of water vapor is supplied from the sea, and high spiral cloud bands are generated around the eye of the typhoon by a large swirl of air. Since clouds have larger albedos and lower temperatures than any other objects on earth, cumulonimbus clouds are easily observed from satellites.
We chose the ninth typhoon, Muifa, which inflicted damage on the Korean Peninsula in August 2011, and obtained the visible channel (VIS channel, 0.67 ㎛) and infrared 1 channel (IR1 channel, 10.8 ㎛) images from the COMS at 15-minute intervals for nine days between July 28 and August 5 near the Korean Peninsula from the National
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Meteorological Satellite Center (NMSC). Since the COMS images were in HDF format, we estimated the digital counts using the HDF C API library. The digital counts were converted to albedo values on the VIS channel and to TBB (infrared brightness temperature) values on the IR1 channel, based on the Radiometric Calibration Table offered by the NMSC. The VIS channel has a 1Km resolution and covers 11,000×11,000 grids, while the IR1 channel has a 4Km resolution, and covers 2,750×2,750 grids. Regarding processing grids, we processed 16 grids in parallel in the VIS channel.
We also created images of water vapor particles ( Figure 6 ) to place at the locations where clouds were detected. We prepared five images that varied in brightness according to albedo value. They were in PNG format and 128x128px in size, the same as the Asian Dust images. The five images were generated using <Style> tag.
Figure 6. Particle Images of Water Vapor
If the TBB for a grid is above a specific threshold value, it is decided that there is a cloud in the grid, and a water vapor particle is displayed. Regarding the estimation of the cloud top height at which each water vapor particle is displayed, since precise calculation for the purpose of analyses or forecasts is not required, the height is assumed to be within the 3-13-km range where typhoon clouds are generally located, and proportional to the TBB value. However, the height to place the water vapor was exaggerated in this simulation to maximize the visual effect. Once all time data and the cloud status for all grids are determined, the <Placemark> statements that display water vapor particles are encoded. Figure 7 shows the Google Earth screen where the KML file is applied. Figure 7 (a) is the result of using the images that vary in brightness based on albedo values, and it shows that Typhoon Muifa is located near Okinawa, Japan at around 2 pm on August 4, 2011. 
Conclusions
In this study, we performed visualization of the meteorological phenomena in Google Earth, using Virtual Globes software. We were able to represent satellite sensing data and meteorological modeling results using automatic conversion into KML format, and demonstrated that a more realistic visualization is possible using particle images that look like actual particles. We then implement it using actual data on Asian Dust and a typhoon, common meteorological phenomena in Korea.
The results of this study are expected to be used as a data analytic tool for researchers and a promotional and educational content creation tool for the public to promote an intuitive understanding and interactive viewing of the temporal and spatial change patterns of meteorological phenomena.
However, the software also had limitations, including time consuming computation for large meteorological/environmental datasets due to rendering countless particle images, making it inadequate for a real time user interaction. These limitations need to be addressed in future studies.
